In contrast to their yeast orthologues, the mechanism by which mammalian ORMDLs regulate serine palmitoyltransferase is not understood. Results: Overexpression of serine palmitoyltransferase in HEK293 cells results in increased long-chain base synthesis and an activity-dependent increase in ORMDL expression. Conclusion: A product of ceramide synthase mediates regulation of ORMDL expression and inhibition of serine palmitoyltransferase. Significance: Serine palmitoyltransferase activity indirectly regulates ORMDL expression.
The relationship between serine palmitoyltransferase (SPT) activity and ORMDL regulation of sphingolipid biosynthesis was investigated in mammalian HEK293 cells. Each of the three human ORMDLs reduced the increase in long-chain base synthesis seen after overexpression of wild-type SPT or SPT containing the C133W mutation in hLCB1, which produces the non-catabolizable sphingoid base, 1-deoxySa. ORMDL-dependent repression of sphingoid base synthesis occurred whether SPT was expressed as individual subunits or as a heterotrimeric single-chain SPT fusion protein. Overexpression of the singlechain SPT fusion protein under the control of a tetracyclineinducible promoter in stably transfected cells resulted in increased endogenous ORMDL expression. This increase was not transcriptional; there was no significant increase in any of the ORMDL mRNAs. Increased ORMDL protein expression required SPT activity since overexpression of a catalytically inactive SPT with a mutation in hLCB2a had little effect. Significantly, increased ORMDL expression was also blocked by myriocin inhibition of SPT as well as fumonisin inhibition of the ceramide synthases, suggesting that increased expression is a response to a metabolic signal. Moreover, blocking ORMDL induction with fumonisin treatment resulted in significantly greater increases in in vivo SPT activity than was seen when ORMDLs were allowed to increase, demonstrating the physiological significance of this response.
Regulation of serine palmitoyltransferase (SPT)
2 activity in yeast by the Orms has recently been the subject of extensive study, revealing multiple levels of regulation. Based on the response of yeast cells to ER stress, Gururaj et al. proposed that there is complex transcriptional regulation (1) . In addition, post-translational regulation is also important. By identifying phosphopeptides derived from the N termini of the yeast Orm proteins and showing that mutation of the phosphorylated residues resulted in increased myriocin sensitivity, Breslow et al. proposed that phosphorylation of the N-terminal domain of the yeast Orms resulted in derepression of SPT (2) . Subsequently, Roelants et al. demonstrated that the yeast Ypk1 and Ypk2 kinases phosphorylate this domain and that their deletion results in loss of viability, presumably as a result of constitutive repression of long-chain base (LCB) synthesis. This hypothesis is supported by the fact that deletion of the Orms rescues the ypk1⌬ypk2⌬ kinase knock-out mutant (3) . Dephosphorylation of the Orms by Cdc55p protein phosphatase 2A (PP2A) has also been shown to be necessary for the reversal of Ypk1 phosphorylation (4). In addition, Shimobayashi et al. have shown that yeast Npr1 kinase, whose activity is regulated by TorC1, also phosphorylates the Orms, but in this case apparently to stimulate complex sphingolipid synthesis (5) . Thus, the yeast Orms integrate the input from multiple signaling pathways to regulate sphingolipid biosynthesis.
In mammalian cells, the three ORMDL proteins have also been implicated in regulation of sphingolipid biosynthesis (2, 6) . However, while highly homologous to their yeast counterparts, they lack the major portion of the N-terminal domain of the yeast Orm proteins that is phosphorylated by Ypk1, Ypk2, * This work was supported by Uniformed Services University Grants R071KD and Npr1 and far less is known about the mechanisms by which they regulate SPT activity. Transcriptional regulation of ORMDL3, polymorphisms in which are associated with an increased risk of childhood asthma, has been reported (7, 8) . In addition, Breslow et al. reported that silencing of all three ORMDL mRNAs resulted in increased ceramide levels (2). Siow and Wattenberg further showed that silencing of all three ORMDLs increased the rate of ceramide synthesis and relieved the ORMDL-mediated repression of SPT in response to treatment with C6-ceramide (6) . Based on these results, they hypothesized that a complex sphingolipid regulates SPT activity by acting on the ORMDLs. Nevertheless, the identity of the signaling molecule and the mechanism by which it regulates ORMDL function is unknown. Regulation of mammalian SPT has also been reported to result from phosphorylation of Tyr-164 of hLCB1 (9) . This phosphorylation reduces SPT activity and can be blocked by inhibiting (with imatinib mesylate) or silencing the c-abl kinase in CML cells. Thus, like SPT regulation in yeast, SPT regulation in mammalian cells is complex. However, the specific mechanisms are clearly different.
In the present study, we have employed a different approach to study ORMDL regulation of sphingolipid synthesis. Using a stable HEK293 cell line in which a previously described hLCB2a-ssSPTa-hLCB1 SPT fusion (10) is expressed under the control of a tetracycline inducible promoter, ORMDL expression and in vivo SPT activity were studied. Our results show that upon induction of SPT, ORMDL mRNA levels were relatively unchanged, but a striking increase in the level of ORMDL protein was observed. This increase was dependent upon ceramide or a downstream product. (11) and the hLCB2a-ssSPTa-hLCB1 fusion SPT (10) were previously described. N-terminally NubG-HA-tagged human ORMDL1, ORMDL2, and ORMDL3 were PCR amplified from a yeast split-ubiquitin 2-hybrid pR3N library containing human cDNAs (11) and the fragments were inserted into pcDNA. The C-terminally tagged ORMDL1-GFP in the pCMV6-AC-GFP vector was purchased from OriGene Technologies, Inc. pcDNA5/ FRT/TO-Lcb2a-ssSPTa-Lcb1 was constructed by ligating a BglII/SalI-ended PCR fragment containing the Lcb2a-ssSPTaLcb1 fusion between the BamHI and XhoI sites of pcDNA5/FRT/TO (Invitrogen). pcDNA5/FRT/TO-Lcb2a-ssSPTaLcb1 C133W was generated by replacing the BamHI-XhoI fragment of pcDNA5/FRT/TO-Lcb2a-ssSPTa-Lcb1 with the same fragment from pDualCMV Lcb2a-ssSPTa-Lcb1 C133W (10) . Cell Culture and Transfections-HEK293 cells (American Type Culture Collection, Manassas, VA) were cultured in DMEM with high glucose, pyruvate, and glutamax, supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin, and 100 g/ml streptomycin. Flp-In™ 293 T-REx cells cultured in the same medium supplemented with zeocin (100 g/ml) and blasticidin (2.5 g/ml), were used for generating the stable cell lines expressing the hLCB2a-ssSPTa-LCB1 fusion SPTs. The cells were co-transfected with the pOG44 vector encoding Flp recombinase, and pcDNA5/FRT/TO-, pcDNA5/ FRT/TO-Lcb2a-ssSPTa-Lcb1 or pcDNA5/FRT/TO-Lcb2a-ssSPTaLcb1 C133W using Lipofectamine 2000. Two days after transfection the cells were replated in selective growth medium containing 100 g/ml hygromycin B and 2.5 g/ml blasticidin. The selective medium was changed every 3 to 4 days until colonies appeared on the plates. The colonies were subcultured and maintained in medium containing 50 g/ml hygromycin B and 2.5 g/ml blasticidin, induced with 2 g/ml tetracycline, and cell lysates were analyzed by immunoblotting for expression of the fusion SPTs. CHO-LY-B cells were grown in Ham's F12 medium supplemented with 10% FBS, penicillin, and streptomycin as described previously (11) .
EXPERIMENTAL PROCEDURES
Cell Lysate Preparation and Immunoblot Analysis-Cells were washed twice with ice-cold phosphate-buffered saline containing 1 mM EGTA, 1 mM EDTA (PBSE), and lysed in 50 mM Tris-HCl, pH 8.0, containing 10% glycerol, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 1% deoxycholate, 0.1% SDS, 1 g/ml leupeptin, 2 g/ml aprotinin, 1 g/ml pepstatin A, 1 mM PMSF, 2 mM NaF, 1 mM orthovanadate, 25 mM ␤-glycerophosphate, and PhosSTOP-phosphatase inhibitor mixture (1 tablet/50 ml). The lysates were sonicated and centrifuged at 3000 ϫ g for 4 min to remove debris. 40 g of protein were resolved on 4 -12% Bis-Tris SDS-PAGE gels and transferred to nitrocellulose membranes. Membranes were incubated with mouse anti-mLCB1 (BD Biosciences, San Jose, CA), rabbit anti-CHO LCB2a (12), goat anti-human ORMDL E15, or mouse anti-human GAPDH (both from Santa Cruz Biotechnology, Santa Cruz, CA). The blots were washed and incubated with HRP-conjugated secondary antibodies obtained from Bio-Rad, and proteins were detected by enhanced chemiluminescence (Western Lightning Plus-ECL, PerkinElmer, Shelton, CT) and visualized on x-ray film. Films were scanned with a Microtek ScanMaker 9800XL and images analyzed using ImageJ. Expression of the ORMDL proteins was normalized to GAPDH or calnexin.
Long Chain Base Analysis-HEK293 or CHO-LY-B cells were harvested from 100 mm tissue culture dishes in ice-cold PBSE containing 1 mM PMSF, pelleted and resuspended in 8 ml PBS. 6 ml were transferred to a glass tube, pelleted, and dried under nitrogen. Following acid hydrolysis, total LCBs were extracted after adding C17 sphingosine as an internal standard and derivatized using AccQ-Fluor (Waters, Milford, MA) as previously described (13) . The remainder of the cells was cen-trifuged and cell lysates were prepared for protein determination and immunoblotting as described above. Samples equivalent to 400 g of protein were analyzed by reverse phase HPLC on a 4 m C18 column (GraceVydac, Hesperia, CA) using an HP Series II 1090 liquid chromatography system with HP Chemstation coupled to an Agilent 1100 series fluorescence detector as previously described (14) . The areas under the peaks, measured in luminescence units (LU), were normalized to the internal C17 sphingosine standard and the amounts of sphingosine (So), sphinganine (Sa), and 1-deoxysphinganine (1-deoxySa) were determined using standard curves for each of the LCBs and are reported as nmol/mg protein.
Microsomal SPT Assays-HEK293 or CHO-LY-B cells grown in 100 mm dishes were harvested by scraping into 4 ml of PBSE buffer. Cells were pelleted, washed once with the same buffer, and resuspended in TEGM buffer (50 mM Tris-HCl, pH 7.5 containing 1 mM EGTA, 1 mM ␤-mercaptoethanol, 1 mM PMSF, and a protease inhibitor mixture). Microsomes were prepared by sonication and differential centrifugation essentially as described previously (12) . Microsomal SPT activity was assayed by measuring acyl-CoA-dependent incorporation of 3 [H]serine into long chain bases as previously described (11) .
RT-PCR and Quantitative Real-time PCR-RNA was isolated from HEK293 cells using the RNAqueous-4PCR kit according to the manufacturer's instructions (Invitrogen). cDNA was generated using the Superscript III First-Strand Synthesis SuperMix two step RT-PCR kit (Invitrogen) according to the manufacturer's instructions. PCR was conducted using Econo Taq Plus Green 2ϫ master Mix (Lucigen Corporation, Middleton, WI). qPCR was conducted with the Power SYBR Green 2ϫ PCR Master mix (Applied Biosystems, Foster City, CA) using the ABI 7900 HT Fast Real-Time PCR System. Relative gene expression was compared using real-time qPCR analysis, and the changes in mRNA expression levels were calculated following normalization to GAPDH using RQ Manager Version 1.2 as described by the manufacturer (Applied Biosystems).
RESULTS
The ORMDLs Inhibit in Vivo SPT Activity-We have previously shown that overexpression of hLCB1 and hLCB2a results in a modest increase in catalytic activity of the heterodimer in vitro, which can be increased nearly 100-fold by the coexpression of an ssSPT isoform (11) . However, despite clear evidence that SPT activity is tightly regulated, there is no evidence that either of the catalytic subunits or the ssSPTs are themselves regulated in response to changes in cellular sphingolipid levels at the level of transcription or translation (15) , leading to the conclusion that there must be other regulatory components of the SPT complex responsible for sphingolipid homeostasis. Indeed, in yeast, SPT copurifies with Orm1 and Orm2, regulators of sphingolipid synthesis, which themselves are subject to regulation by phosphorylation of their N termini (1-4, 16, 17) . In mammalian cells, there are three ORMDL proteins, which though they lack the N-terminal extension of the yeast Orms, copurify with mammalian SPT and have been shown to negatively regulate sphingolipid synthesis (2, 6).
To study regulation of mammalian SPT by the ORMDLs, we have taken advantage of the fact that SPT heterotrimers containing the hLCB1 C133W mutant subunit condense alanine with palmitoyl-CoA more efficiently than heterotrimers containing wild type hLCB1 (10, 18) . This condensation results in the synthesis of 1-deoxySa, which is not present in the growth medium and which, although it can be acylated on the amino group of C2 (19) , cannot be phosphorylated and catabolized. Thus, following hydrolysis of all sphingolipid species, measurement of 1-deoxySa provides a sensitive measure of de novo LCB synthesis.
The value of this approach is clearly seen in Fig. 1 , where after overexpressing the mutant enzyme, the alanine-containing LCB (1-deoxySa) increased to a far greater extent than the serine-containing LCBs (sphingosine, So and dihydrosphinganine, Sa) (Fig. 1D) . When the ORMDL2 and ORMDL3 proteins were coexpressed with the subunits of the SPT heterotrimer, LCB accumulation was significantly attenuated (Fig. 1, B and D) , confirming previous reports that like the yeast Orm proteins, the mammalian ORMDLs are negative regulators of SPT (2, 6) . For reasons that remain unclear, despite the fact that ORMDL1 is highly homologous to ORMDL2 and ORMDL3, this protein could only be efficiently expressed when C-terminally epitopetagged (Fig. 1, A and C) . However, when expressed with the epitope tag, it too repressed SPT. Comparable results were obtained when single-chain hLCB2a-ssSPTa-LCB1 fusion SPTs were used instead of the individual subunits (Fig. 2) . Thus, the ORMDLs regulate the fusion SPT in the same manner as the native heterotrimer. Taken together, these results suggest that regulation of ORMDL expression rather than regulation of SPT expression is responsible for maintaining sphingolipid homeostasis.
Elevated SPT Activity Results in Increased ORMDL Expression-If this were the case, then increasing SPT activity might be expected to alter ORMDL expression in an attempt to maintain physiological concentrations of LCBs. Indeed, there is a small increase in endogenous ORMDL expression after transfection of the individual subunits of SPT (Fig. 1E) or the heterotrimeric fusion SPT (Fig. 2E) . This occurs in vivo as well as in vitro. Injection of adenovirus expressing the fusion SPT into the tail vein of mice resulted in hepatic overexpression of both SPT and ORMDLs (data not shown). To more carefully study the response of ORMDL expression to changes in SPT activity, stable cell lines in which either a wild-type or mutant (hLCB1 C133W ) single-chain hLCB2a-ssSPTa-LCB1 fusion was integrated downstream of a common tetracycline-inducible promoter were generated. As expected, tetracycline treatment of these cell lines for 48 h resulted in a substantial increase in expression of the fusion SPT proteins (Fig. 3A) . The increase in either wild-type or mutant SPT was accompanied by an increase in SPT activity both in vitro (Fig. 3B) and in vivo (Fig.  3C ). More importantly, ORMDL expression, assessed by immunoblotting with a pan ORMDL antibody, increased ϳ10-fold after induction of the wild-type fusion SPT (Fig. 3A) . This increase was slightly more than after tetracycline induction of the mutant protein, a result consistent with the lower enzymatic activity of the mutant enzyme (Fig. 3B) . Interestingly, the increase in ORMDL levels lagged slightly behind the induction of SPT (Fig. 3D) , a result consistent with the hypothesis that increased ORMDL expression is a response to an increase in long-chain bases or a downstream product. It is also noteworthy that expression of endogenous hLCB1, an obligatory subunit of SPT, did not decrease in response to increased SPT activity (Fig. 3D) , indicating that autoregulation of SPT expression is not a major mechanism for regulation of sphingolipid biosynthesis.
To determine whether the increase in ORMDL protein was the result of increased transcription of one or more of the ORMDL genes, ORMDL mRNA was quantified by RT-PCR. The results showed that although ORMDL protein increased ϳ10-fold after tetracycline induction of SPT (Fig. 3, A, D , and E), there was less than a 2-fold increase in ORMDL1, ORMDL2, or ORMDL3 mRNA (Fig. 4) . Thus, transcriptional regulation cannot account for the increase in ORMDL protein.
SPT Activity Is Required for ORMDL Induction-To determine whether it is simply the increase in the amount of SPT protein or the increase in enzymatic activity that is responsible for ORMDL induction, a catalytically dead fusion SPT in which the PLP-binding lysine of hLCB2a has been replaced with threonine was expressed in CHO-LY-B cells, which lack endogenous SPT activity (20) . Measurement of SPT activity in these cells, and in cells transfected with the wild-type SPT fusion protein, confirmed the lack of catalytic activity of the mutant protein (data not shown). More importantly, whereas the wildtype SPT induced a significant increase in ORMDL expression, no such increase in ORMDL expression was elicited by the mutant SPT protein (Fig. 5A) . The dependence upon an increase in catalytic activity was confirmed by the observation that addition of myriocin, an inhibitor of SPT, to stably transfected HEK293 cells during tetracycline induction completely abolished ORMDL induction without affecting the increase in SPT fusion protein (Fig. 5B) . Treatment with myriocin also appeared to result in a small decrease in the amount of immunoreactive ORMDL in uninduced cells (Fig. 5B) , suggesting that not only does increased SPT activity elevate ORMDL expression, but decreases in endogenous activity have an opposing effect. Thus, it is clear that a product of SPT regulates ORMDL expression.
Inhibition of Ceramide Synthase Also Blocks ORMDL Induction-Fumonisin, an inhibitor of the ceramide synthases (21) , also blocked the increase in ORMDL expression after tetracycline induction (Fig. 6, A, B, C, and D) . It therefore appears that it is not a de novo long-chain base, but rather ceramide, a downstream product, or a metabolite that is required to elicit ORMDL induction. Since the ORMDLs are negative regulators of SPT, the results described above predict that in vivo SPT activity should be higher in fumonisin-treated cells than in untreated cells because the former have less ORMDL protein than the latter. To test this prediction, cells were induced with tetracycline in the absence or presence of fumonisin and in vivo SPT activity was measured. For these experiments, the cell line containing the hLCB2a-ssSPTa-LCB1 C133W mutant SPT was used because, for the reasons described above, differences in in vivo SPT activity are most accurately reflected by comparing 1-deoxySa levels. The results showed that total 1-deoxySa levels were ϳ4-fold higher in the fumonisin-treated cells than in the untreated cells (Fig. 6E) . Since induction of the fusion SPT was unaffected by fumonisin (Fig. 6, A and B) , the increase in in vivo SPT activity must be the result of the lack of ORMDL induction. In addition, the fact that fumonisin treatment also resulted in increased 1-deoxySa in tetracycline-uninduced cells suggests that even at the basal level of SPT activity the ORMDLs are responding to ceramide or a downstream metabolite (Fig. 6E) . These results provide a mechanistic explanation for the fumonisin-induced increase in 1-deoxySa reported by Zitomer et al. (19) . Moreover, our results clearly show that there is a physiologically significant consequence of the SPT/sphingolipid-induced increase in ORMDL expression and further support the conclusion that the level of ORMDL expression is an important regulator of in vivo SPT activity.
DISCUSSION
Recent studies in yeast have shown that phosphorylation of the Orm proteins by Ypk1 and Ypk2 is an important compo- nent of SPT regulation (2) (3) (4) 16) . In addition, Npr1 and Npr2 phosphorylate the Orm proteins at different sites and have been implicated in regulation of complex sphingolipid biosynthesis (5) . While the mammalian ORMDL proteins have also been shown to regulate sphingolipid biosynthesis (2, 6) , little work has been done to identify the mechanisms by which they do so. To address this question, we created a stable cell line in which SPT could be induced 10-fold by the addition of tetracycline. This cell line provides four important advantages. First, it allows direct regulation of SPT expression rather than relying upon indirect perturbations, such as addition of exogenous long-chain bases to the medium or inhibition of SPT activity with compounds such as myriocin, which might themselves alter ORMDL expression or its interaction with the SPT heterotrimer. Second, by integrating an SPT fusion protein, stoichiometric expression of hLCB1, hLCB2a, and ssSPTa is assured. This is essential for accurate analysis because nonstoichiometric expression of either hLCB1 or hLCB2 results in mislocalization of the subunits, 3 raising the possibility that regulatory components might also mislocalize. Third, unlike transient transfection, which underestimates ORMDL induction because only a fraction of the cells overexpress SPT, integration of an inducible fusion SPT insures that all cells respond equivalently. Thus, the magnitude of increase in ORMDL expression seen in Fig. 3 is a more accurate reflection of the biological response to increased sphingolipids than are the smaller increases seen in Figs. 1 and 2 . Last, by incorporating the C133W mutation into hLCB1 it was possible to use the synthesis of 1-deoxySa as a readout of in vivo SPT activity.
The importance of the last point is most clearly illustrated by comparing the effect of ORMDL expression on alanine-and serine-containing long-chain bases in Figs. 1D, and 2D , where the magnitude of the ORMDL-mediated decrease in 1-deoxySa synthesis exceeds the decrease in either Sa or So. We attribute this to the fact that unlike Sa or So, 1-deoxySa is not subject to phosphorylation and subsequent degradation. Thus, its intracellular levels are directly proportional to its rate of synthesis. In addition, by measuring 1-deoxySa, the contribution of the two wild-type hLCB1 genes in HEK293 cells does not need to be considered, thereby maximizing the dynamic range of the in vivo SPT assay.
Breslow et al. showed that yeast ORMs associate with yeast SPT to form a SPOTS complex and that mammalian ORMDLs are similarly associated with mammalian SPT (2). The observation that induction of a catalytically dead SPT mutant, or myriocin inhibition of wild-type SPT during induction, both failed to elicit an increase in ORMDL expression provide strong evidence that the mechanism of ORMDL regulation is not direct stabilization of the ORMDLs upon binding to SPT. In addition, the observation that fumonisin blocks ORMDL induction indicates that the mechanism regulating increased expression is responsive to ceramide, a more complex sphingolipid or a ceramide metabolite, which could indirectly result in ORMDL stabilization. However, levels of transiently transfected ORMDLs did not increase upon induction of SPT (data not shown). Thus, the increase in ORMDL expression does not appear to involve post-translational modification and indirect stabilization.
Neither does the increase in ORMDL expression appear to be the result of transcriptional regulation. None of the ORMDL mRNA levels changed significantly after tetracycline-induction of SPT and transcriptional regulation has only been reported for ORMDL3 (7, 8, 22, 23) , making it unlikely that a common transcriptional mechanism can account for the regulation we have observed. One possible explanation for these results is that regulation involves alternative splicing or modulation of translational efficiency. Indeed, Hjelmqvist et al. identified alternatively spliced transcripts for ORMDL1 (24) . However, the fact that all three ORMDLs appear to be regulated suggests that whatever the mechanism is, it must coordinately regulate all of their mRNAs or proteins. This is consistent with the conclusions of Siow and Wattenberg who examined ORMDL regulation by complex sphingolipids (6) .
In these experiments we have assessed the effects of the ORMDLs by in vivo assay of SPT because measurement of in vitro SPT activity in microsomes prepared from cells in which in vivo SPT is either high or low shows little difference. This lack of concordance is not the result of ORMDL dissociation during microsomal preparation; the ORMDLs coimmunoprecipitate with the subunits of SPT under both conditions (data not shown). One explanation for this observation is that, as suggested by Breslow et al. (2) , the ORMs alter the suborganellar localization of SPT. If this is the case, then the implication is that SPT activity is different in different subdomains of the ER. Clearly, this adds another layer of complexity whose resolution will require additional experimentation.
A single nucleotide polymorphism in the non-coding region of ORMDL3 that alters the levels of mRNA expression has been associated with an increased incidence of childhood asthma (25) (26) (27) (28) . It has been suggested that this is a result of decreased SPT activity since treatment with myriocin results in increased airway reactivity in mice that is also seen when one of the hLCB2a alleles is deleted (29) . Thus, it appears that asthmatic patients carrying this allele lack homeostatic mechanisms to restore normal sphingolipid levels. This is entirely consistent with numerous observations that there is little if any regulation of expression of any of the SPT subunits and suggests that cells may simply lack a mechanism for adapting to dysregulation of ORMDL expression. In contrast, we studied ORMDL regulation by altering SPT expression. Our results clearly show that in response to increased SPT activity there is a concomitant increase in ORMDL expression while in response to decreased activity there is a decrease in ORMDL protein. Taken together, our results and those of Siow and Wattenberg and Worgall et al. (6, 29) suggest that regulation of SPT activity is mediated by the ORMDLs and not regulation of the expression of the catalytic components of the enzyme. However, it is unclear whether the three ORMDLs transduce the same or different signals. If the latter is the case, then simple binding of the ORMDLs to SPT is insufficient to account for its complex regulation.
